The lifetimes for 2p 6 ns (n = 4-15), 2p 6 nd (n = 3-15), 2p 6 ng (n = 5-15), 2p 6 ni (n = 7-15), 2p 6 np (n = 3-15), 2p 6 nf (n = 4-15), 2p 6 nh (n = 6-15), 2p 5 3s 2 , 2p 5 3snp (n = 3, 4), 
Introduction
Many research and technological areas such as astrophysics, plasma physics, thermonuclear fusion researches and isotope separation by laser are based mainly on the atomic data and therefore many research groups have worked to obtain such useful data using atomic spectroscopy. Accurate atomic data are essential in various fields of astrophysics [1] .
The singly ionized magnesium (Mg II) has ground configuration 2p 6 3s 1 S 1/2 and excited states of the type 2p 6 nl. The core-excited quartet levels of Mg II are metastable against autoionization. For this reason they are interest in atomic spectroscopy and also in the construction of XUV lasers. The core-excited configurations, 2p 5 nln'l', are energetically located considerably above the 2p 6 1 S 0 ionization limit forming doublet and metastable quartet states. The open 2p subshell produces strong spin-orbit interactions giving rise to subshell mixing of doublet and quartet states [2] .
The energy levels and transition data for singly ionized magnesium can be found in the NIST website [3] . Lundin et al. investigated the beam-foil spectra of Mg I−Mg IV [4] .
Lindgard and Nielsen presented numerical approach to transition probabilities in Mg II
Rydberg series [5] . Liljeby et al. made lifetimes measurements using the beam-foil technique [6] . Biémont and Brault observed the spectrum of neutral and singly ionized magnesium produced by a hollow-cathode discharge by the Fourier transform spectroscopy technique [7] . Fischer reported muticonfiguration Hartree-Fock calculations for the metastable core-excited quartet states in Mg II [8] . Brage and Gaardsted studied experimentally by beam-foil spectroscopy and theoretically by multiconfiguration HartreeFock calculations for core-excited configurations of Mg II [2] . Energy levels, hyperfine constants, and transition rates for Mg II using relativistic many-body theory (MBPT) were calculated by Safronova et al. [9] . The weakest bound electron potential model theory F o r R e v i e w O n l y 3 (WBEPMT) was used to calculate transition probabilities for Mg II by Zheng et al. [10] .
Dzuba and Johnson presented the relativistic coupled-cluster single-double calculations of the relativistic energy shifts in Mg II [11] . Theodosiou and Federman reported the oscillator strengths of resonance lines for the lowest np configurations in Mg II [12] .
Fischer et al. calculated energy levels, lifetimes and transition probabilities for Mg II [13] .
Recently, Çelik et al. presented oscillator strengths, transition probabilities, and lifetimes using the WBEPMT for Mg II [1] .
Electric quadrupole interactions are among the few important sources of hyperfine structure in atomic spectra. Transitions lines of alkali-like atomic ions are important in astronomical observations as well as in laser cooling [14] . There are studies relevant to electric quadrupole (E2) transitions for singly ionized magnesium in literature. Electric quadrupole transition probabilities for some transitions in sodium and potassium sequences using the frozen-core Hartree-Fock approximation were calculated by Ali [15] . Tull et al. presented theoretical multiplet strengths for E2 transitions between some levels of Mg II by using Hartree-Fock wavefunctions of frozen-core type [16] . Godefroid et al. reported forbidden transitions in Mg-like spectra [17] . Majumder et al. calculated studies of the E2 transition probabilities in Mg II using the relativistic coupled cluster (CC) theory [14] . The relativistic quantum defect orbital (RQDO) formalism to the study of E2 transitions in Mg II were applied by Charro and Martín [18] . Çelik et al. calculated electric quadrupole transition probabilities using the WBEPMT for Mg II [19] .
The aim of this paper is to obtain atomic data for singly ionized magnesium (Mg II, Z = 12) using relativistic Hartree-Fock (HFR) code by developed Cowan [20] . We have reported relativistic energies, Landé g-factors and lifetimes for the levels of 2p 6 ns (n = 3-15), 2p 6 nd (n = 3-15), 2p 6 ng (n = 5-15), 2p 6 ni (n = 7-15), 2p 6 np (n = 3-15), 2p 6 nf (n = 4-15), 2p 6 nh (n = 6-15), 2p 5 3s 2 , 2p 5 3snp (n = 3, 4), 2p 5 3p 2 , 2p 5 3sns (n = 4, 5), 2p 5 3snd (n = configurations outside the core [Ne] for the calculation A and 2p 6 ns, 2p 6 nd (n = 3-10), 2p 6 ng (n = 5-10), 2p 6 ni (n = 7-10), 2p 6 np (n = 3-10), 2p 6 nf (n = 4-10), 2p 6 nh (n = 6-10), 2p 5 3s 2 , 2p 5 3snp (n = 3, 4), 2p 5 3p 2 , 2p 5 3sns (n = 4, 5), 2p 5 3snd (n = 3, 4), and 2p 5 3s4f configurations outside the core [Be] for the calculation B. These configuration sets used in calculations have been denoted by A and B in tables. We reported some works related to these ion using the method mentioned above [22, 23] . In our previous works, we presented the wavelengths, oscillator strengths, and transition probabilities for 3s−3p, 3p−ns (n = 4−10), and 3p−nd (n = 3−10) E1 transitions [22] , and for 3s−nd (n = 3−10), 3d−nd (n =4−10), 3p−np (n = 4−10), and 3p−nf (n = 4−10) E2 transitions [23] of calculation A. In this work, we have considered more transitions than in [22, 23] and added energy levels, Landé g-factors and lifetimes.
Method of calculation
In HFR method [21] , for N electron atom of nuclear charge Z 0 , the Hamiltonian is expanded as
in atomic units, with r i the distance of the ith electron from the nucleus and .
is the spin-orbit term, with α being the fine structure constant and
the mean potential field due to the nucleus and other electrons.
In this method it is calculated single-configuration radial functions for a spherically symmetrized atom (center-of-gravity energy of the configuration) based on Hartree-Fock method. The radial wave functions are also used to obtain the total energy of the atom (E av )
including approximate relativistic and correlation energy corrections. Relativistic terms are included in the potential function of the differential equation to give approximate relativistic corrections to the radial functions, as well as improved relativistic energy corrections in heavy atoms. In addition, a correlation term is included in order to make the potential function more negative, and thereby help to bind negative ions. Also, Coulomb integrals F k and G k and spin-orbit integrals are computed with these radial functions. In this method, relativistic corrections have been limited to calculations to the massvelocity and the Darwin corrections by using the relativistic correction to total binding energy. The total binding energy can be given in by formulas (7.57), (7.58), and (7.59) in
The Landé g-factor of an atomic level is related to the energy shift of the sublevels having magnetic number M by
where B is the magnetic field intensity and is the Bohr magneton. The Landé g-factor B  of a level, denoted as αJ, belonging to a pure LS-coupling term is given by the formula
This expression is derived from vector coupling formulas by assuming a g value of unity
for a pure orbital angular momentum and writing the g value for a pure electron spin (S Most experiments yield the lifetime of the upper level because of easy measuring. In this case the sum over multipole transitions to all lower lying levels must be taken. The lifetime τ for a level j is defined as follows
Results and discussion
We have here calculated the relativistic energies, Landé g-factors and lifetimes for the levels of 2p 6 ns, 2p 6 nd (n = 3-15), 2p 6 ng (n = 5-15), 2p 6 ni (n = 7-15), 2p 6 np (n = 3-15), 2p 6 nf (n = 4-15), 2p 6 nh (n = 6-15), 2p 5 3s 2 , 2p 5 3snp (n = 3, 4), 2p 5 3p 2 , 2p 5 3sns (n = 4, 5), 2p 5 3snd (n = 3, 4), and 2p 5 3s4f configurations and the transition parameters (wavelengths, oscillator strengths, and transition probabilities) for electric dipole (E1) and electric quadrupole (E2) transitions between valence excitation levels in Mg II using HFR [20] code. The configuration sets selected for investigating correlation effects have given in Introduction section. Correlation effects in atoms can often be classified as valencevalence, core-valence and core-core contributions. Generally, these contributions can be evaluated by multiconfiguration techniques. Only the first two contributions are usually important, in particular valence-valence correlation although the core-valence correlation Tables 1 and 2 . The fitted energy parameters in Table 3 and Table S1 display the scaling factors (Fitted/HFR) belonging to the calculation A. The electric dipole transitions data obtained using the HFR code [20] are given in the table provided in the supplemental material (Table S2 ) for this paper. An excerpt of that long table is presented here as Table 4 . Table 4 and Table S2 show wavelengths λ (in Å), oscillator strengths, f, and transition probabilities, A ji (in s −1 ), for ns−n'p (n = 3−10, n' = 4−10), np−n'd (n = 4−10, n' = 3−10), nf−n'd (n = 4−10, n' = 3−10), nf−n'g (n = 4−10, n' = 5−10), nh−n'g (n = 6−10, n' = 5−10), 6h−ni (n = 7−9), 7i−nh (n = 8−10), 8i−nh (n = 9, 10), and 9i−nh (n = 8, 10), electric dipole (E1) transitions of the calculation A. We have also reported wavelengths, logarithmic weighted oscillator strengths, log(gf), and weighted transition probabilities, gA ji , for atomic data in Table S3 (see Supplementary Material, Table S3 ). Table S3 consists np−n's (n = 3−15, n' = 11−15), ns−n'p (n = 3−15, n' = 10−15), np−n'd (n = 3−15, n' = 11−15), nf−n'd (n = 4−15, n' = 11−15), nf−n'g (n = 4−15, n' = 11−15), nh−n'g (n = 6−15, n' = 11−15), and nh−n'i (n=6−15, n' = 7−15) electric dipole transitions obtained from calculation A. Table 5 reports the wavelengths λ (in Å), logarithmic weighted oscillator strengths, log (gf), and transition probabilities, A ji (in s −1 ), for 4s−nd (n = 3−9), 4d−nd (n =5−7), 4p−np (n = 5−9), 4p−nf (n = 4−9), 4f−5f, 5s−nd (n = 3−5), and 5p−5f electric quadrupole transitions of the calculation A. We have also reported wavelengths λ (in Å), Table S4 (see Supplementary Material, Table S4 ) for 3s−nd (n = 11−15), 3d−nd (n =11−15), 3d−ng (n= 5−15), 3p−np (n = 11−15), 3p−nf (n = 11−15), 4s−nd (n = 10−15), 4d−nd (n =8−15), 4d−ng (n= 5−15), 4p−np (n = 10−15), 4p−nf (n = 10−15), 4f−nf (n=6−15), 4f−nh (n= 6−15), 5s−nd (n = 6−15), 5d−nd (n =6−15), 5d−ng (n =6−15), 5p−np (n = 6−15), 5p−nf (n = 4, 6−15), 5f−nf (n = 6−15), and 5f−nh (n = 6−15) E2 transitions obtained from calculation A.
We have presented our calculations using the RCN, RCN2, RCG and RCE chain of programs developed by Cowan [21] . The HFR option of the RCN code was used to derive initial values of the parameters with appropriate scaling factors in the code RCN2. The RCE can be used to vary the various radial energy parameters E av , F k , G k , ζ, and R k to make a least-squares fit of experimental energy levels by an iterative procedure. The resulting least-squares-fit parameters can then be used to repeat the RCG calculation with the improved energy levels and wavefunctions [21] . Transition parameters were calculated by the RCG code after the fitting of energy parameters. In calculations, the Hamiltonian's calculated eigenvalues were optimized to the observed energy levels via a least-squares fitting procedure using experimentally determined energy levels, specifically all of the levels from the NIST compilation [3] . The scaling factors of the Slater parameters (F k and G k ) and of configuration interaction integrals (R k ), not optimized in the least-squares In this work, we have only given E1 transitions between valence excitation levels.
Therefore, the fitted energy parameters in Table 3 and Table S1 were reported the scaling factors (Fitted/HFR) belonging to the calculation A. In this calculation, there is not the scaling factors F k (l i , l i ) between equivalent electrons , F k (l i , l j ) and G k (l i , l j ) for nonequivalent electrons and configuration interaction (R k ) radial integrals. The ratio (Fitted/HFR) for energy parameters in calculation A is compared with 1.00 for total binding energy (E av ) and spin-orbit (ζ) in Table 3 and Table S1 . It can be mentioned that the agreement for most of values is good (except 2p 6 6d level).
Energy levels and lifetimes
The relativistic energies, Landé g-factors, and lifetimes for the levels of 2p 6 ns, 2p 6 nd (n = 3-15), 2p 6 ng (n = 5-15), 2p 6 ni (n = 7-15), 2p 6 np (n = 3-15), 2p 6 nf (n = 4-15) and 2p 6 nh (n = 6-15) valence excited configurations and 2p 5 3s 2 , 2p 5 3snp (n = 3, 4), 2p 5 3p 2 , 2p 5 3sns (n = 4, 5), 2p 5 3snd (n = 3, 4), and 2p 5 3s4f core-excited quartet configurations in Mg II are presented in Tables 1 and 2 , respectively. In tables, the results obtained have been given energies (cm −1 ) relative to 3s 2 S 1/2 ground-state level. Only odd-parity states in tables are indicated by the superscript " o ". References for other comparison values are typed below the tables with a superscript lowercase letter. We have compared our results with previous works [1, 3, 13] in Tables 1 and 2 . In Table 1 , energy and lifetime results of the 2p 6 ns (n = 3-10), 2p 6 np (n = 3-10), 2p 6 nd (n = 3-10), 2p 6 nf (n = 4-10), 2p 6 ng (n = 5-10), and 2p 6 nh (n = 6-10) excited levels are compared with experimental [3] and theoretical [1, 13] results. Most of our energy results are in good agreement with others. Moreover, we have calculated [|E this work −E other works |/E other works ] × 100, the differences in per cent, for Table 1 . In calculations, difference (%) between our results and other experimental works [3] have been not found. When the differences (%) between our results and other theoretical results [1, 13] are investigated, the differences in energies are in range of 0.00−0.26% for calculations A and B. In addition, in Fig. 1 , we have shown the comparison between our energies and those reported by NIST [3] . As seen from Fig. 1 , the energy results obtained from our calculations are in good agreement with [3] . Linear correlation coefficient R 2 is 1.000 for calculation A. The radiative lifetimes give some information about atomic structure, since the electromagnetic interaction is well understood in atomic physics. So we have calculated the lifetimes of these levels. They have compared in Table 1 −τ other works |/ τ other works ] × 100, the differences in per cent. For the differences (%) between our results and other theoretical results [13] are in range of 0.13−13.09% and 0.05−12.82% for calculations A and B, respectively, except the lifetimes of 2p 6 10s and 2p 6 9d levels.
Except the lifetimes of 2p 6 np (n = 6-10) and 2p 6 9d levels, the differences (%) between our results and other theoretical results [1] are in range of 0.00−14.95%, and 0.09−14.47% for calculations A and B, respectively.
In Table 2 , energy and lifetime results of the 2p 5 3s 2 , 2p 5 3s3p, 2p 5 3p 2 , 2p 5 3s4s and 2p 5 3s3d excited levels are compared with experimental [3] and theoretical [8] results. Most of our energy results are in good agreement with [3, 8] . The differences (%) between our results and other works [3] are in range of 0.01−6.12% for calculation B. The lifetimes computed are compared in Table 2 4 P o 3/2, 5/2 levels, the agreement is poor. Figure 2 shows a comparison between our lifetime results in Table 1 and those reported by Çelik et al. [1] . When looking at this figure, we can observe that our lifetime results are in agreement with [1] except for 2p 6 10s, 2p 6 9d and 2p 6 np (n = 6-10) levels. The coefficient of determination, R 2 , is 0.996 for calculation A.
The Landé g-factor results are reported for the first time in Tables 1 and 2 . Moreover it is well known that Landé g-factors are important in many scientific areas such as astrophysics. Therefore, new energies, Landé g-factors and lifetimes for 2p 6 ns (n = 11-15), 2p 6 np (n = 11-15), 2p 6 nd (n = 11-15), 2p 6 nf (n = 11-15), 2p 6 ng (n = 11-15), 2p 6 ni (n = 7-15), 2p 6 nh (n = 11-15), 2p 5 3s4p, 2p 5 3s5s, and 2p 5 3s4d configurations, not existing in the data bases for these configurations in Mg II, are presented in Tables 1 and 2 . 
Electric dipole (E1) transitions
We have obtained 2 171 and 6 798 possible electric dipole transitions between odd− and even−parity configurations in the HFR calculations A and B, respectively. In this work, the wavelengths λ (Å), oscillator strengths, f, and transition probabilities, A ji (s −1 ), for ns−n'p (n = 3−10, n' = 4−10), np−n'd (n = 4−10, n' = 3−10), nf−n'd (n = 4−10, n' = 3−10), nf−n'g (n = 4−10, n' = 5−10), nh−n'g (n = 6−10, n' = 5−10), and 6h−ni (n = 7−9), 7i−nh (n = 8−10), 8i−nh (n = 9, 10), and 9i−nh (n = 8, 10) electric dipole transitions of the calculation A are presented in Table 4 and Table S2 . The comparing values for these transitions exist in literature. Therefore, it is also made a comparison with other works in Table 4 and Table   S2 . We have typed as transition probabilities (the division of the statistical weight g j of the The results obtained in Table 4 and Also, the wavelengths comparison of the E1 transitions have been displayed in Fig. 3 (R 2 =0.997). As seen from these tables, the oscillator strengths obtained from the calculations are in agreement with other works, except for some transitions. Except the transitions 5s−np (n = 6−10), 4d−6p, 5s−7p, 6s−8p, 6s−10p and 7s−10p, we have found the values 1.014 (in calculation A) for the mean ratio f (this work) / f [1] . The mean ratio between our results and other works [13] have been found in the values 0.992 (except 5s−9p transitions). In addition, we have given a comparison in Fig. 4 for oscillator strengths obtained from HFR calculations with those of other works [1, 13] . As seen from [1] and 0.997 for comparison with Ref. [13] . The agreement is poor for transition probability of some transitions. Also, we have found the values 1.020 and 0.990 for the mean ratio A ji (this work) / A ji [1, 13] , except the transitions 3d−5p, 5s−np (n = 6−10), 4d−6p, 6s−np (n = 8−10), 7s−10p and 9f−10g, respectively. Fig.   5 shows a comparison between our transition probability results in Table 4 and We have also reported wavelengths, oscillator strengths, gf, and weighted transition probabilities, gA ji , for atomic data in Table S3 (see Supplementary Material, Table S3 ). Table S3 consists np−n's (n = 3−15, n' = 11−15), ns−n'p (n = 
Electric quadrupole (E2) transitions
We have obtained 3 128 and 9 149 possible electric quadrupole transitions for the selected configurations in the HFR calculations A and B, respectively. In this work, we have presented results obtained according to valence excitations. The wavelengths λ (Å), logarithmic weighted oscillator strengths, log (gf), and transition probabilities, A ji (s −1 ), 4s−nd (n = 3−9), 4d−nd (n =5−7), 4p−np (n = 5−9), 4p−nf (n = 4−9), 4f−5f, 5s−nd (n = 3−5), and 5p−5f electric quadrupole transitions are reported in Table 5 . In our previous work, we presented for 3s−nd (n = 3−10), 3d−nd (n =4−10), 3p−np (n = 4−10), and 3p−nf Table 5 . We have typed as transition probabilities (the division of the statistical weight g j of the upper level and the weighted transition probabilities) for comparing in table.
Comparisons are made with the relativistic coupled cluster (CC) theory results given by
Majumder et al. [14] and theoretical results using the WBEPMT for Mg II given by Çelik et al. [19] . The wavelengths are in good agreement with other [14] . Moreover, we have calculated [|λ this work −λ other works |/λ other works ] × 100, the differences in per cent. When the differences (%) between our results and other theoretical results [14] are investigated, the differences in wavelengths are in range of 0.00−0.29% for calculation A. The oscillator strength results are reported for the first time in We have also reported new wavelengths λ (in Å), logarithmic weighted oscillator strengths, log (gf), and transition probabilities A ji (in s -1 ), for atomic data in Table S4 (see   Supplementary Material, Table S4 ) for 3s−nd (n = 11−15), 3d−nd (n =11−15), 3d−ng (n= 
Conclusion
The main purpose of this paper is to perform the HFR calculations for obtaining description of the Mg II spectrum. These energy data and Landé g-factors for Mg II can be useful in investigations of some radiative properties, and interpretation of many levels of Mg II. We have only given E1 and E2 transitions between the valence excitation levels.
We 
